. Cytological relationship between Paspalum dilatatum and diploid cytotypes of P. brunneum and P. rufum. Genome,. Tetraploid Paspalum dilatatum Poir. (2n = 4x = 40, genome formula IIJJ) was crossed with diploid cytotypes of P. brunneum Mez (2n = 2x = 20) and P. rufum Nees (2n = 2x = 20), both of which have the genome formula 11.
Introduction
Paspalum dilatatum Poir., common dallisgrass, is an important forage grass in the warmer regions of the world, including the southern U.S. It is an obligate aposporous apomict with 2n = 5x = 50 chromosomes that associate as 20 bivalents and 10 univalents at metaphase I of meiosis (Bashaw and Forbes 1958; Bashaw and Holt 1958) . This species is an excellent forage grass, but genetic improvement in fertility and disease resistance would increase its use and acceptance. However, apomixis and the unbalanced ploidy level have prevented improvement.
A phylogenetic investigation was initiated to identify the progenitors of common dallisgrass by using a sexual, ' ~u t h o r to whom all correspondence should be addressed.
Printed in Canada / lmprime au Canada tetraploid (2n = 4x = 40), yellow-anthered P. dilatatum biotype as a cytological substitute for the common biotype because they have two similar genomes (Burson and Bennett 1972) . Yellow-anthered P. dilatatum has the genome formula IIJJ and its progenitors are believed to be the diploids P. intermedium Munro. ex Morong (11) and P. jurgensii Hackel (JJ) (Burson et al. 1973; Burson 1981) . Extrapolating from these findings, the common biotype has the genome formula IIJJX where X is an unknown genome (Burson 1983) .
It is fairly definite that P. jurgensii is the source of the J genome. It is a member of a relatively small taxonomic group, Paniculata. Another member of this group, P. paniculatum L., also has the J genome (Burson 1979 ).
Paspalum intermedium is a member of the Quadrifaria group, which consists of at least 10 species (Barreto 1966) . Until recently, the only known diploid germplasm in this group were three P. intermedium accessions (Burson and Bennett 1970) . However, diploids of other species in this group and the Virgata group were recently reported by Norrmann et al. (1989) . The Virgata group is closely akin to the Quadrifaria group (Barreto 1954) . Diploid plants of P. brunneum Mez, P. haumanii Parodi, P. quadrifarium Lam. (all members of the Quadrifaria group), and P. rufum Nees (Virgata group) were collected in northeastern Argentina (Norrmann et al. 1989) . Diploid cytotypes of all four species have 2n = 2x = 20 chromosomes that pair essentially as 10 bivalents during metaphase I of meiosis (Norrmann et al. 1989) . Recently these four diploid species were crossed with diploid P. intermedium and the meiotic chromosome pairing in the hybrids indicated that each of the four species had a particular form of the I genome (Quarin and Norrmann 1990) .
Because of differences in the morphologies and areas of distribution of P. intermedium and P. dilatatum, it is important to determine if other species in the Quadrifaria and Virgata groups are more closely related to P. dilatatum and P. intermedium (Burson 1983) . The discovery that the four diploid species mentioned above possess forms of the basic I genome suggests a need to validate the theory that P. intermedium is the source of the I genome in P. dilatatum.
The objectives of this study were to determine the relationship between yellow-anthered P. dilatatum and the two diploid species P. brunneum and P. rufum and to ascertain if either of these species are more closely related to P. dilatatum than P. intermedium.
Materials and methods
Plants used in this study were P. brunneum (3759, P. rufum (3754), and P. dilatatum (PI 233053). The P. brunneum and P. rufum accessions were collected in Santa Fe Province in northeastern Argentina by the second author and the yellow-anthered P. dilatatum was introduced from Montevideo, Uruguay.
All crosses were made at Temple, Tex., during the summer of 1985. The female parents were grown in pots inside a heavily shaded, air-conditioned greenhouse maintained at 18-21 OC. These plants flowered between 07:OO and 09:OO. All crosses were made using sexual P. dilatatum as the female parent and required hand emasculation and pollination (Burson 1985) . Plants used as pollen sources were grown in a field nursery.
At maturity, seeds were harvested, cleaned, counted, and germinated. Seedlings were planted into small pots in a greenhouse and transplanted in a space-planted field nursery the following spring. After sufficient growth, the hybrids were identified by their appearance. Fifteen hybrids from each cross were used to obtain the morphological data.
Inflorescences of P. dilatatum x P. brunneum and P. dilatatum x P. rufum hybrids were collected, fixed in Carnoy's solution (100% ethanol -chloroform -glacial acetic acid, 6:3: I), and stored in 70% ethanol. Pollen mother cells (PMCs) were stained with acetocarmine. Material for the study of megasporogenesis and embryo sac development was collected from five hybrids of each cross and fixed in FAA (70% ethanol -glacial acetic acid -37% formaldehyde, 18:l:l). Spikelets with ovaries in various stages of development were removed from the inflorescences, dehydrated in a tertiary butyl alcohol series, embedded in paraffin, sectioned at 15 pm, and stained with safranin 0 -fast green.
Pollen stainability, an estimate of viability, was determined using potassium iodide (I,-KI) solution. A minimum of 500 mature pollen grains was observed at random for each hybrid. Seed set was determined (Burson and Bennett 1971) from the spikelets on one to three inflorescences from 10 hybrids of each cross.
Results

Paspalum dilatatum x P. brunneum hybrids
Of the 3719 P. dilatatum florets emasculated and pollinated with P. brunneum pollen, 2500 seed germinated and 436 plants were classified as hybrids.
There was considerable variability among the hybrids for several characteristics. The most obvious differences were plant size, vigor, and leaf width and color. The hybrids ranged in height from 0.25 to 2 m at flowering, with most in excess of 1.5 m. This height is more characteristic of P. brunneum than P. dilatatum. Some plants were robust, leafy types and appeared to have potential as forage grasses. Leaf blades of P. dilatatum are flat, about as wide (1.5 cm) at the base as the summit of the sheath, lax in growth habit and relatively soft textured, whereas those of P. brunneum are rolled or folded into a boat-shaped configuration, about 1.0 cm wide, linear-lanceolate tapering to the base, erect, and coarse textured. Blades of the hybrids were essentially intermediate to the parents, except for width that was similar to P. dilatatum. Inflorescences of P. dilatatum consist of three to five racemes with ovate-pointed spikelets with long, silky hairs, especially around the edge. Its spikelets are about 4.5 mm long and 2.5 mm wide. This biotype has purple stigmas and yellow anthers. The P. brunneum inflorescence has about 35-40 compact ascending racemes with ellipticalelongated spikelets, finely pubescent, approximately 2 x 1 mm in size. Its florets have purple stigmas and purple anthers. Inflorescences of the hybrids were intermediate to those of the parents but exhibited more characteristics of P. dilatatum. They had 10-16 racemes with elliptical-pointed spikelets with some cilia. Spikelets were about 3 x 2 mm in size. Florets had purple stigmas and yellow anthers.
Both parents were meiotically regular and their chromosomes paired primarily as bivalents at metaphase I (Burson et al. 1973; Norrmann et al. 1989; Table I) , and both reproduced sexually. Twelve P. dilatatum x P. brunneum hybrids were used for cytological analyses. All had 2n = 3x = 30 chromosomes that associated primarily as univalents and bivalents during diakinesis and metaphase I of meiosis ( Fig. 1; Table 1 ). A single trivalent was observed (Fig. 2) in only 21 of 560 cells examined. The mean chromosome association was 14.06 I, 7.91 11, and 0.04 I11 per cell. Essentially 50% of the bivalents were rods. In fact, the frequency of rod and ring bivalents was 3.97 and 3.94 per cell, respectively (Table 1) .
At anaphase I, the univalents lagged on the metaphase plate with the number usually ranging from 6 to 10. By telophase I, most laggards were incorporated into the resultant nuclei and micronuclei were not commonly observed. Some laggards and micronuclei were present at anaphase I1 and telophase 11, respectively.
In young ovules, the archesporial cell enlarged and underwent meiosis producing a linear tetrad of megaspores. The three micropylar megaspores degenerated and the chalaza1 member remained as the functional megaspore. Soon, the functional megaspore also degenerated and no female gametophyte (embryo sac) developed in the ovules.
FIGS. 1 and 2. Meiotic chromosome associations in P. dilatatum x P. brunneum hybrids. Fig. 1 . Metaphase I with 9 bivalents (3 rod bivalents) and 12 univalents. x 1735. Fig. 2 . Metaphase I showing 1 trivalent (arrow), 7 bivalents (4 rod bivalents), and 13 univalents. x2150. FIGS. 3 and 4. Meiotic chromosome behavior in P. dilatatum x P. rufum hybrids. Fig. 3 . PMC at diakinesis with 5 bivalents (arrows; 2 rod bivalents) and 20 univalents. x 2040. Fig. 4 . Late metaphase I with 8 rod bivalents (one bivalent has already separated, two arrows in centre) and 14 univalents (one near a bivalent, arrow). x 1830.
Pollen stainability in 15 of the hybrids was very low (0-0.2%), indicating that essentially all of the pollen grains were nonviable. As expected, none of the hybrids produced viable seed.
Paspalum dilatatum x P. rufum hybrids A total of 5340 P. dilatatum florets were emasculated and dusted with P. rufum pollen. Approximately 2361 seeds germinated and 892 plants were classified as hybrids.
As was the case for the P. dilatatum x P. brunneum hybrids, the P. dilatatum x P. rufum hybrids were also variable, especially for plant size and vigor. They ranged in height from about 0.25 to 2.2 m, with most within the 1.25-1.75 m range. This is similar to P. rufum, which ranges from 1.5 to 2.0 m in height. Many hybrids were vigorous, robust, leafy plants. Their leaves were very similar to those of P. rufum in that they were lax and drooping, rolled resulting in a boat-shaped configuration, and about 1 .O cm wide. However, leaves of the hybrids were not as coarse as those of P. rufum and they frequently exhibited considerable purple coloring. Inflorescences of P. rufum have 10-20 short racemes (usually 15-20) with lanceolate-shaped, silky pubescent spikelets 3 .O-3.5 mm long and 1.8-2.0 mm wide. Their florets have purple stigmas and anthers. Inflorescences of the hybrids usually consisted of 6-8 long racemes with lanceolate-shaped, pubescent spikelets 4.0-4.6 mm long and 2.2-2.4 mm wide. Their florets had purple stigmas and yellow anthers.
Fifteen P. dilatatum x P. rufum hybrids analyzed cytologically behaved similarly to the P. dilatatum x P. brunneum hybrids. They had 2n = 3x = 30 chromosomes that associated during meiosis primarily as univalents and bivalents (Figs. 3 and 4) , but a few trivalents were observed (Table 1 ). The range of univalents and bivalents was quite variable. The frequency of rod and ring bivalents was 4.98 and 2.06, respectively (Table 1) . Many of the rod bivalents in these hybrids (Figs. 3 and 4) did not appear as tightly synapsed as those in the P. dilatatum x P. brunneum hybrids ( Figs. 1 and 2 ). Trivalent frequency was slightly higher in these hybrids than the P. dilatatum x P. brunneum hybrids (Table 1) . Of the cells observed with trivalents, most had only one, but one cell had two and another had three. Anaphase I was somewhat irregular with as many as 10-12 laggards present on the metaphase plate; however, by late telophase I most of them apparently were incorporated into the nuclei of the dyad. Some irregularities were also observed at anaphase I1 and telophase I1 with micronuclei present in a limited number of tetrads. Pollen stainability determined for 16 hybrids ranged from 0 to 1.29'0, indicating that most of the pollen was nonviable.
Megasporogenesis and embryo sac development in these hybrids was similar to that observed in the ovules of the P. dilatatum x P. brunneum hybrids. The functional megaspore deteriorated, resulting in an ovule without an embryo sac, and no seeds were produced.
Discussion
Most sexual Paspalum species are highly self-pollinated and difficult to cross with other species. Past attempts to produce interspecific hybrids were laborious and usually resulted in limited success (less than 1 % crossability). Surprisingly, the crossability between yellow-anthered P. dilatatum and P. brunneum and P. rufum was 1 1.7 and 16.79'0, respectively. This is sufficiently high to use interspecific hybridization as a means for germplasm enhancement. However, the sterility encountered in these hybrids abruptly halts this line of speculative reasoning.
This sterility was undoubtedly due to meiotic irregularities and (or) genetic imbalances. Chromosome pairing in the hybrids obviously involved one genome and indicates that there is sufficient meiotic stability for the development of an occasional functional male and female gamete. Complete female abortion and lack of seed production suggests this was not the case. Sterility of this nature is common in Paspalum interspecific hybrids (Burson 1979 (Burson , 198 1, 1985 Burson et al. 1973) .
The ease or success of hybridizing two species is often considered an indicator of a close relationship between the species, but past experiences with this genus do not necessarily support such a hypothesis. The most reliable approach is to examine the chromosome pairing in the F1 hybrids. Even then, chromosome pairing might be affected by genes regulating chromosome pairing.
B,ecause a form of the I genome is known to be present in all three diploid species, it is important to determine which species, P. brunneum, P. ru fum, or P. intermedium, is the most likely candidate as the contributor of the basic I genome to yellow-anthered P. dilatatum. The species whose chromosomes exhibit the highest degree of pairing with the chromosomes of the I genome in the yellowanthered biotype is the most likely candidate. Paspalum intermedium was originally considered the source of the I genome in P. dilatatum because of the close homology between their chromosomes (Burson et al. 1973) . However, P. intermedium was the only species in the Quadrifaria and Virgata groups with a diploid cytotype that was available in the 1970's. Morphological characteristics of this species and its area of distribution have also raised doubts that it is a progenitor of dallisgrass. Other related species are more likely candidates.
The frequency of bivalent pairing in all of the hybrids examined (Table 1) indicates that the I genome in both P. brunneum and P. rufum is homologous to the I genome in yellow-anthered P. dilatatum. A higher frequency of pairing was observed in the hybrids with P. brunneum than P. rufum and more of the bivalents were synapsed as rings than in the P. dilatatum x P. rufum hybrids (Table 1 ).
This suggests that the I genome in P. brunneum is more homologous with the P. dilatatum I genome than the form of the I genome in P. ruJfum. From this we can eliminate P. rufum as a direct progenitor of P. dilatatum.
By comparing the meiotic chromosome pairing behavior of the hybrids between yellow-anthered P. dilatatum and P. brunneum (Table 1) with that of the yellow-anthered x P. intermedium hybrids (Burson et al. 1973) , the relationship of the I genome in these two diploid species to that of the yellow-anthered biotype can be established. The same P. dilatatum accession (PI 233053) was crossed with P. brunneum and P. intermedium in both the present study and by Burson et al. (1973) . Therefore, differences between P. dilatatum genotypes are not a confounding issue. Sixtythree yellow-anthered P. dilatatum x P. intermedium hybrids and one reciprocal hybrid were analyzed cytologically (Burson et al. 1973) . The mean meiotic associations of the yellow-anthered x P. intermedium hybrids was
